Nano-materials, such as zeolites with nano-sized pores, are attractive new materials in industry, and are expected to offer a promising future efficient way to settle problems in environmental ecology as well. 1 It is important when developing such new materials for different purposes to evaluate physicochemical properties, such as the surface area, cage/pore structure, adsorption coefficient and surface distribution of metal ions. Surface area, for example, has usually been determined by a classical volumetric or gravimetric method, such as B.E.T. adsorption analysis using nitrogen as an adsorbent gas, and advanced techniques, such as an electronic microscope, SEM or TEM also, solid state NMR have recently been used to analyze the physicochemical properties of a surface in detail.
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It is important when developing such new materials for different purposes to evaluate physicochemical properties, such as the surface area, cage/pore structure, adsorption coefficient and surface distribution of metal ions. Surface area, for example, has usually been determined by a classical volumetric or gravimetric method, such as B.E.T. adsorption analysis using nitrogen as an adsorbent gas, and advanced techniques, such as an electronic microscope, SEM or TEM also, solid state NMR have recently been used to analyze the physicochemical properties of a surface in detail. 129 Xe NMR has long been applied to analyze a porous structure in zeolites, 2 and quite recently the most interesting topic, hyperpolarized 129 Xe NMR, have emerged, in which the sensitivity can be enhanced by several orders by utilizing the optical pumping technique. 3 It is highly expected that such a sensitivity enhanced 129 Xe NMR will be widely used to characterize nano-materials that have been newly synthesized, or of wide applicability in industry and medicine. In these 129 Xe NMR studies, basic parameters, such as the surface area and the adsorption energy are also hoped to be determined by using Xe as an adsorbent. 129 Xe NMR can be used for this purpose without any facilities of the traditional methodology, since it can provide a measure of the amount of adsorbed Xe through the intensity of the 129 Xe adsorbed signal. Therefore, in order to examine the applicability of 129 Xe NMR in obtaining basic adsorption parameters of the surface area and the adsorption energy for nano-materials, the temperature and pressure dependences are investigated for the chemical shift as well as the signal intensity, i.e., peak area, in the 129 Xe NMR of the present study.
Experimental

Reagents and chemicals
The sample used was ZSM-5 (JRC-Z5-70Na from Mobil Catalysts Corp., Japan, Si/Al ratio = 92.5), supplied as a standard sample from Japan Catalysis Association. ZSM-5 is one of the micro-porous zeolites with an MFI structure, which is expected to contribute to improving the environment as an exchange agent for the separation of alcohol, NO removal etc. There is no super cage existing in ZSM-5, although X-or Ytype zeolite has them as the FAU structure. The pore size is 0.56 × 0.53 nm in linear structure and 0.55 × 0.51 nm in zigzag pore structure. Two structures are crossed with each other and form a 3D structure. Standard Xe gas that contains a natural abundance of 26.24%
129 Xe was purchased from Japan Air Gases Ltd., and used after drying by passing over K-Na alloy, or passing through Minifine Purer supplied from Liquid Gas Co.
Apparatus and procedure
The zeolite sample and Xe gas were treated in a fully shielded system made by glass-blowing. The sample was weighed into a 10φ NMR tube, to which a stop-cock from Young Co. was attached, which was workable under a high vacuum. It was pretreated at 300˚C for 8 h under 10 -5 torr, and then transferred to an NMR probe to prevent any leakage of air by using a stopcock. A Xe gas cylinder was attached to a glass line, and used without any exposure to, or leak from, room air. A rotary pump was used to evacuate the glass line and to adjust the Xe pressure in the line, and the pressure was read on a digital Handy Manometer PG-100 from Copal Electronics. 129 Xe NMR was observed at 110.7 MHz on a Varian Unity INOVA-400WB spectrometer equipped with a 9.4 T superconducting magnet and a temperature-controlling unit. To derive the basic adsorption parameters from 129 Xe NMR, the NMR spectra were measured at various temperatures and pressures (0.05 -1.5 atm), and the results were analyzed concerning the theoretical formula of Xe adsorption on the surface of nano particles. After introducing Xe gas into the sample tube, the measurement was started when a certain time passed to reach the equilibrium state. This time was monitored on 129 Xe NMR, and it was about 10 -20 s after the gas inlet. Therefore, measurement was started after waiting 1 min from the gas inlet. The Xe peak chemical shift from the gas phase (δf) was set at 0 ppm, and the adsorbed Xe peak chemical shift (δobs) and the integral value (Sobs), which corresponds to the signal intensity (peak area), were measured by accumulating multiple fid's with an RF flip angle 60˚ and a spectral width of 25 kHz for the data points of 5 k. Integration was made for each spectrum, which showed only one peak for the adsorbed state, after correcting for any baseline drift on the VNMR6 data-processing software. Here, the repetition time (TR) was set at about 3 s, for which any saturation effect was avoided, since the apparent relaxation time (T1*) measured by inversion-recovery method was as short as 0.3 s. In order to estimate the Xe number adsorbed on the surface of particles, an inclusion complex of calixarene and Xe prepared in water was used as a standard sample, where our recent studies on the concentration dependence of 129 Xe chemical shift was cited. 4 A least-squares fit was performed on computer software, ORIGIN (Lightstone Co.), working on a PC where the Levenberg-Marquardt algorithm was utilized for optimization.
Results and Discussion
It was found in the course of our experiments that the peak of the adsorbed 129 Xe was shifted toward a high field by ca. 18 ppm when the sample, ZSM-5, was exposed to room air after the sample pretreatment described in the experimental section. Therefore, a specially designed glass holder was made for the pretreatment and NMR measurement, so that the calibration ampoule could be dropped to the bottom of the NMR sample without exposure to room air after completion of the pretreatment. Here, the calibration ampoule was used to give a peak for calibrating the 129 Xe signal intensity, which contained Xe gas that forms an inclusion complex with added 4-sulfothiacalix [4] arene sodium salt (0.11 M). 4 The temperature and pressure dependencies of the 129 Xe signal intensity (peak area) and the chemical shift are shown in Fig. 1 .
Adsorption isotherms obtained from the NMR signal intensity can be analyzed based on the model of adsorption already proposed, as long as the intensity measurement is made under thermal equilibrium without any saturation effect. The Dubinin-Radushkevich (DR) model 5 assumes a volume-filling scheme, and is best suited for the analysis of ZSM-5, which possesses pore sizes similar in diameter to that of Xe. Also, the Langmuir model apparently seems to be applicable in the present study, since the adsorption isotherms observed in Fig. 1 resemble those expected for this model, although the model usually assumes adsorption in a layer on a flat surface. The basic equations are given in Eqs. (1) and (2) for these models, where θ means the coverage, Sobs is the signal intensity observed at pressure P, S∞ is the limiting intensity corresponding to full occupancy of the adsorption sites, K is the association constant, βE0 is the effective potential energy of a micro-pore to adsorb Xe, and Peq is the quasi-saturated vapor pressure when the pore volume is completely filled. The original weight ratio, wa/wa 0 , in the DR model, where wa and wa 0 are the amounts of Xe adsorbed at P and Peq, respectively, is substituted by the intensity (peak area) ratio, Sobs/S∞, as follows:
The 129 Xe signal intensity can be used as a measure of the number of Xe atoms contributing to the peak under observation.
Hence, an analysis of the NMR isotherms can give the surface area, or the pore volume in the DR analysis, although such an analysis has not been reported frequently. Of course, the signal intensity should be properly measured, while avoiding any effect of saturation, and proper calibration should be made for the signal intensity using a certain standard sample. Saturation effects can be avoided by taking TR, the repetition time, to be longer than 5 -10 times the relaxation time, T1*. The standard sample is not popular for a gas adsorption experiment, but some inclusion complex can be used, since the amount of included gas can be measured quantitatively if the association constant is known. We utilized the Xe inclusion complex of 4-sulfothiacalix [4] arene sodium salt in aqueous solution. Here, a full study 4 on the inclusion complex formation was cited.
DR analysis of NMR adsorption isotherms observed for the signal intensity
In the DR analysis, the isosteric heat of adsorption, qst, can be calculated according to Eq. (3) from βE0, 6 where ΔHv is the enthalpy of vaporization at the boiling point, and equals to 12.6 kJ/mol. Analyses of the signal intensity (peak area) data given in Fig. 1 are summarized in Table 1 .
The isosteric heat of adsorption, qst, thus determined from the 129 Xe signal intensity data amounts to 20.1 -22.0 kJ/mol (Table  1) . These values are comparable to those reported for activated carbon fibers, 7 22.1 -22.9 kJ/mol, measured by a gravimetric method below 1 atm. However, they are smaller than those determined for activated carbon fibers, 8 24.4 -26.0 kJ/mol, and for ZSM-5 and molecular sieves, 5A and 13X, 26.6 -30.6 kJ/mol, measured by a magnetic suspended gravimetric system at high pressures of up to 50 atm. 9 A saturated amount of Xe absorption, wa 0 (g/g), can be estimated by using the calibration data for the peak area:
where the meaning of the symbol is as follows: Sobs,P in the isotherm blanket is the peak area measured at P atm in the isotherm; Sobs,P and Sstd in the calib blanket are the peak area at the same P atm and the peak area from the standard sample dropped to the bottom of the NMR tube, respectively; Cstd is the concentration of Xe in mol/l; Vstd is the sample volume in the standard sample; MwXe is the molecular weight of Xe, 131.29;
and Wsample is the weight of zeolite used for calibrating the peak area. wa 0 can be converted to surface area per gram of zeolite, A, as follows:
where AXe is the surface area occupied by a single Xe atom, 0.232 nm 2 . 10 The saturated amount of Xe adsorption obtained was wa 0 = 0.213 g/g, which was smaller than those available in the literature: wa 0 = 0.35 g/g with βE0 = 18 kJ/mol and Peq = 50 atm for ZSM-5, measured by the gravimetric method, 9 and wa 0 = 0.41 -0.65 g/g with βE0 = 9.5 -10.3 kJ/mol and Peq = 29.8 -7.2 atm for activated carbon fibers (P5, P10 and P20), measured by the gravimetric method. 7 The adsorption isotherms are compared in Fig. 2 for these samples, where reference data were calculated by using the reported DR parameters. The three isotherms are practically identical below 0.3 atm, but deviate from each other above this pressure. The activated carbon fibers are different, since they consist of carbon, whereas ZSM-5 contains SiO2 and Al2O3, mainly. Also, the Si/Al ratio in ZSM-5 is 92.5 in the present study while it is 16 in Ref. 9 . Therefore, these differences in the materials may be responsible for the difference in the absorption isotherms. Also, a possibility may not be excluded that the isotherm for ZSM-5, measured in the present study, will change in a manner classified into Type II or IV in the IUPAC classification, which shows stepwise changes in the isotherm that will be represented by an isotherm shown in Ref. 9 at higher pressures up to 50 atm, while Fig. 1 is realized at pressures lower than 1.5 atm.
DR analysis of NMR adsorption isotherms observed for the chemical shift
In contrast to the case of analyzing isotherms obtained for the signal intensity, a basic equation is unavailable for the DR analysis when chemical shifts are plotted as adsorption 
Only the inclusion of G1 was sufficient to obtain a good fitting in the simulation calculation. An analysis of the chemical shift based on Eqs. (3) and (6) is given in Table 1 . In this case, the saturated amount of Xe absorption, wa 0 (g/g), can also be calculated in the following way. When the chemical shift data are analyzed based on Eq. (6) using the G1 term only for the virial expansion, the following equation is obtained:
where a symbol, P, is added intentionally to show that the parameter is measured at a given pressure for calibration. Since wa(P) can be estimated from the spectrum (intensity data), measured together with the standard sample at pressure P, the following equation is obtained, which is quite similar to Eq. (4):
Here, wa 0 can also be converted to surface area, A, through Eq. (5).
The derived values of qst were comparable to those from a DR analysis with signal intensity, supporting partial success of the DR analysis. However, the values of Peq were largely different from those determined from the intensity data. This may be caused by a continuous change of the chemical shift in the highpressure region, while the signal intensity tends to reach a plateau in this region. As the next step, therefore, a DR analysis
was performed that included both the data of signal intensity and the chemical shift.
DR analysis of NMR adsorption isotherms including both the chemical shift and the signal intensity
In this case, an isotherm analysis was performed in a manner where βE0 and Peq were used as parameters common to the two types of data, and S∞ was used as an extra parameter for the intensity data, while δs, G1, J1, J2 and J3 in Eq. 
where coefficient G1 for the coverage, wa/wa 0 , was corrected by a virial expansion with respect to the pressure. In our calculation, J3 was not necessary to achieve a good fitting, while the exclusion of J2 or both J1 and J2 failed to obtain a good fitting. Therefore, J1 and J2 were included in the calculation (Fig. 3) . In this case, wa 0 can be calculated from the intensity data through Eq. (4), and from the chemical shift data through,
. (10) The Peq values thus obtained were comparable to those obtained from only the signal intensity data, supporting successful calculations for the intensity and chemical shift data (Fig. 3) .
Analysis of adsorption isotherms assuming Langmuir-type equation
The Langmuir model, which seems to be applicable from a phenomenological viewpoint, is sometimes applied in a graphical mode based on Eq. (11), which is derived from Eq. (2):
However, a computer method was adopted in the present study, which could best fit the Sobs data by a least-squares algorithm, since a 10 to 20% deviation was observed between the K values 1 -- Xe intensity and the chemical shift data obtained at 40˚C using βE0 and Peq as common parameters. s, Intensity (peak area), arbitrary unit; a, chemical shift, ppm. The parameters determined are: βE0 = 8.5 ± 0.3 kJ mol -1 and Peq = 1.15 ± 0.09 atm for the common parameters; S∞ = 20.6 ± 0.2 × 10 -6 for the intensity data; δs = 109.4 ± 1.0 ppm, G1 = 29.9 ± 1.7 ppm, J1 = 0.77 ± 0.09 and J2 = -0.17 ± 0.04 for the chemical shift data (see Table 1 ).
reached from the graph and the computer methods. The results are summarized in Table 2 . The enthalpy ΔH and the entropy ΔS of adsorption can be determined using Eq. (12) from the association constants K obtained at different temperatures in the Langmuir model analysis,
Here, ΔH and ΔS were calculated as -24.7 kJ/mol and -57.7 J/K/mol, respectively (Table 2) . Chemical shift data were also analyzed based on the Langmuir model. When the observed chemical shift, δobs, was expressed by a virial expansion with coverage θ,
a good fitting was achieved at all temperatures by including the F1 term only. However, ΔH and ΔS calculated from the temperature dependence of the association constant proved to be -13.7 kJ/mol and -37.0 J/K/mol, respectively. These values are about half of those calculated from the signal intensity. Therefore, the simple virial expansion in Eq. (13) was concluded to be insufficient to analyze the temperature dependence, although it seems to be useful at a fixed temperature similar to the case of molecular sieves and zeolite NaY 11 studied up to 60 atm.
In the next step, a calculation was performed using both of the data of the signal intensity and the chemical shift, where only F1 was included in the virial expansion in Eq. (13), but virial coefficients were added to F1 with respect to the pressure, similar to Eq. (9):
In this way, K was used as a parameter common to both of the signal intensity and the chemical shift data, and S∞ was used as an extra parameter for the intensity data, while δs, F1, L1, L2 and L3 were used for extra parameters pertinent to the chemical shift data. The calculation showed that L3 is not necessary to achieve
a good fitting, and hence only L1 and L2 were treated in Eq. (14) . Also, a weighting factor, which means the relative importance of the two types of data of intensity and chemical shift, was set to be unity, since the factor was found to be insignificant to the results when varied from 1 to 5 in the calculation. The thusdetermined association constants have given values of ΔH and ΔS comparable to those calculated from only the signal intensity, supporting a reliability enhancement by including intensity data in the analysis of the chemical shift data (Table 2) . The thermodynamic parameters were determined from Xe adsorption measurements from 10 -4 to 1 atm on an ASAP 2000 gas analyzer for Na-Mordenite (Si/Al = 39.5): 12 a multiple equilibrium analysis based on the Langmuir equation gave ΔH = -5.995 kcal/mol (-25.10 kJ/mol) and ΔS = -18.04 cal/K/mol (-75.52 J/K/mol) for strong adsorption and ΔH = -7.82 kcal/mol (-32.73 kJ/mol) and ΔS = -25.85 cal/K/mol (-108.2 J/K/mol) for weak adsorption. The values observed in the present study, ΔH = -24.9 kJ/mol and ΔS = -58.4 J/K/mol, are consistent with those for strong adsorption. Also available are the enthalpy of adsorption derived from the Henry-type analysis of isotherms measured volumetrically up to 50 atm between 0 and 450˚C, which amounts to 13.9 -25.2 kJ/mol for Na-Y, Ca-X, Ca-A, H-Zeolon, Na-Zeolon and chabazite. 13 These values are smaller, in absolute value, than that observed in the present study, but a detailed discussion may not be informative, since the reported data were determined under quite different conditions of the temperature and pressure ranges.
Comparison of parameters determined in the DR and Langmuir-type analysis
A direct comparison of qst and ΔH is not easy, since the former includes the work term -PΔV and the latter refers to the standard conditions of the free and adsorbed states, where there is already a considerable uptake in the zeolite. 13 However, the collection of the data under certain common conditions will be useful to discuss the energetic profile of the interactions of Xe with the surface.
In the present study, the surface area, A, amounted to 227 -239 m 2 /g in the Langmuir-type analysis and 227 -232 m 2 /g in the DR analysis, when converted from wa 0 . Hence, consistent 1401 ANALYTICAL SCIENCES DECEMBER 2007, VOL. 23 12 The discrepancy with the B.E.T. surface area is ascribed to inherent flaws in the B.E.T. method. 12 It is probable that a relatively larger Xe atom, cross-sectional area of 0.232 nm 2 , gives a smaller surface area compared to that of the N2 molecule, cross-sectional area of 0.162 nm 2 , since the cavity size is distributed from smaller to larger ones, and since it may happen that the adsorption of new atoms or molecules will be prevented if the inlet of the cavity is covered by strong initial adsorption, especially when the adsorption occurs in a cylindrical cavity. The smaller value of wa 0 in the present study, mentioned above, compared to that obtained at higher pressures up to 50 atm, may also be due to such an inlet effect: if Xe is added at high pressure it will be able to enter the cylindrical cavity even if the inlet is masked by already adsorbed Xe atoms.
δs is a useful parameter that sometimes correlates well with the cavity size.
14 An estimation of this parameter needs some remarks. Extrapolation based on Eq. (9) in the DR analysis and Eq. (14) in the Langmuir-type analysis have given δs = 102.0 ± 1.8 and 102.9 ± 1.9 ppm, respectively, which are identical in practice, when the chemical shift and intensity data are treated together. However, these values are changed to δs = 110.7 ± 3.6 and 121.8 ± 1.0 ppm, respectively, when only the chemical shift data are treated based on Eqs. (6) and (13) . Such a discrepancy may be responsible for the prevention of widespread discussion and use of this parameter in characterizing micro and meso pores.
The chemical shift parameters of F1, G1, J1, J2, L1 and L2 will reflect the Xe-Xe interaction in the adsorbed state. In more detail, F1 and G1 represent the effect of the Xe-Xe interaction on the adsorbed chemical shift, which is dominated by the extent of coverage of the surface area. The other terms (J1, J2, L1 and L2) are considered to represent the pressure effect on F1 and G1: when the pressure is increased outside the cavity, the Xe-Xe interaction increases with or without an increase in the coverage, since Xe atoms within the cavity will strongly collide with each other as a result of strong collisions with those outside the cavity, and hence the Xe-Xe interaction is increased, even though there is no room for an extra entrance of Xe atoms in the cavity.
Conclusions
The temperature and pressure dependence of the 129 Xe NMR chemical shift and the signal intensity, which were measured between 0.05 and 1.5 atm and from 24 to 80˚C on an adsorbent ZSM-5, were analyzed based on the DR equation as well as the Langmuir-type equation. In both analyses a total reliable analysis was achieved when the chemical shift data were treated together with the intensity data. Calculations of the DR analysis showed that qst = 19.9 -21.9 kJ/mol, Peq = 0.89 -1.30 atm, and wa 0 = 0.213 -0.218 g/g with the corresponding surface area A = 227 -232 m 2 /g, together with the chemical shift parameter of δs as well as a few virial coefficients. Calculations of the Langmuir-type analysis showed that ΔH = -24.9 ± 1.7 kJ/mol and ΔS = -58.4 ± 5.3 J/K/mol and the surface area A = 227 -239 m 2 /g with the corresponding amount of Xe = 0.214 -0.225 g/g together with the chemical shift parameter of δs as well as a few virial coefficients. These values are of interest because they have been determined under mild conditions that are quite different from those of ordinary adsorption experiments, which are done at pressures as high as 50 -100 atm, or at very low temperatures near to the boiling point of nitrogen gas, or at very high temperatures, as high as a few hundreds degree. Analysis, such as that shown in the present study, will be useful in providing profiles of adsorption, such as energetic aspects, surface area, saturated amount of Xe adsorption and the specific parameters of the 129 Xe chemical shift, although applicability depends on the properties of the nano-materials treated in practice, and thus more thorough studies are necessary to provide wide applicability of the proposed method.
